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Abstract
A roll-decoupled course correction fuze with canards can improve the hit accuracy of conventional unguided ammunitions. The fuze increases
accuracy by reducing the effect of angular and translational motion produced by the cyclical yawing forces applied on the projectile. In order to
investigate the influence of yawing forces on angular motion, a theoretical solution of the total yaw angle function with the cyclical yawing forces
is deduced utilizing the 7 degrees of freedom (7-DOF) model designed for this calculation. Furthermore, a detailed simulation is carried out to
determine the influence rules of yawing force on angular motion. The calculated results illustrate that, when the rotational speed of the forward
part is close to the initial turning rate, the total yaw angle increases and the flight range decreases sharply. Moreover, a yawing force at an
appropriate frequency is able to correct the gun azimuth and elevation perturbation to some extent.
© 2016 China Ordnance Society. Production and hosting by Elsevier B.V. All rights reserved.
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1. Introduction
Compared to the conventional munitions, the design of dual-
spin projectile with canards is becoming increasingly popular.
The increase in popularity of dual-spin projectile is attributed to
its increased accuracy and cost effectiveness. Costello et al. [1]
established a 7-DOF dynamic model to investigate the dynamic
properties of a dual-spin projectile with canards, and the model
was used to solve for angle of attack, swerving dynamics and
stability factors. Grignon et al. [2] discussed the relationship
between gyroscopic stability and the moment of inertia through
numerical simulations. The stability and design of the trajectory
control autopilot for 155 mm dual-spin projectiles with differ-
ent types of canards were modeled and analyzed in references
[3–6]. Liu et al. [7] studied the swerving orientation of a spin-
stabilized projectile with fixed canards. Nevertheless, of all the
works on the dynamic properties of dual-spin projectiles stated
previously, none has discussed the impact of spin rate on the
forward section of trajectory and its effect on the trajectory.
When the forward body of projectile is rolling, a cyclical
yawing force is applied on the projectile, which impacts the
angular and translational motions. To analyze the influence of
frequency of the cyclical force on angular and translational
motions during flight of projectile and get an appropriate fre-
quency, the response of the projectile under a cyclical force is
studied in this paper.
2. Dynamic model
The mathematical model describing the motion of dual-spin
projectile consists of four rotational and three translational
degrees of freedom.
2.1. Reference frames
The basic reference frames, such as inertial reference frame
(IRF) OXNYNZN, non-rolling body reference frame (NRRF)
Oξηζ , and velocity reference frame (VRF) OX2Y2Z2, are
defined to establish a dynamic model. The definition of the
frames, angles and their relationship are shown in Figs. 1–3.
The schematic plot of the dual-spin projectile is shown in Fig. 4.
2.2. Mathematical model
2.2.1. Equations of motion
To determine the angular motion, the differential equations
of θ ψa, 2 and ϕ ϕa, 2 are set out in VRF and NRRF respectively.
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where I I Iy y y= +A F, M M Mη η η= +A F , M M Mζ ζ ζ= +A F .
The torque and moment of inertia in Eq. (4) correspond to
the center of total mass. The subscripts of those symbols used
above show the function area and the vector direction.
Nomenclature
δ δ1 2, angle of attack, angle of sideslip
ϕ ϕa, 2 pitch, yaw angle of projectile
θ ψa, 2 pitch, yaw angle of velocity
lCG distance between the point of mass and the
point of the cyclical force
γ γA F A F, , ,p p roll angle and the rotate speed of the aft and
forward parts
I Ix xA F, axial moment of inertia of the aft and forward
parts
I y transverse moment of inertia
by lift aerodynamic coefficient × ( )ρS m2
bx drag aerodynamic coefficient × ( )ρS m2
kzz roll damping moment aerodynamic coefficient
× ( )ρSd I y2 2
kz overturning moment aerodynamic coefficient
× ( )ρSd I y2
Fig. 1. Non-rolling reference frame and velocity reference frame.
Fig. 2. Inertial reference frame and non-rolling reference frame.
Fig. 3. Inertial reference frame and velocity reference frame.
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2.2.2. Cyclical yawing force
For a dual-spin projectile equipped with canards, a cyclical
yawing force is generated when the forward body of projectile
spins.The cyclical force on the three axes of NRRF can bewritten
as
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where f represents the total yawing force acting on the canards;
and γp represents the rolling angle of canard. When the
coordinate reference system is converted to VRF, the cyclical
force can be written as
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where δ δ1 2, represent the angular of attack and sideslip
respectively.
As acting point of the control force is not at the center of
total mass, the cyclical moment corresponding to the cyclical
force can be generated by
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where lCG represents the distance between the point of mass and
the point of the cyclical force.
3. Angular motion
When a spin-stabilized projectile flies normally, the total
yaw angle is used to represent the angular motion and is related
to the force acting on an object. According to the definition, the
total yaw angle can be obtained by subtracting the angle of
velocity vector ψ from the angle of object’s axis ϕ .
3.1. Deflection
The gravity and the drag are much larger than other forces
under normal conditions, so the other forces can be treated as
small quantities. Considering the assumption of small yaw
angle, the pitch angle of the object’s axis ψ1 is subsequently
caused by the other forces and moments, thus meaning that the
yaw angle of the object’s axis ψ 2 is similarly small.
Firstly we substitute Eq. (5) into Eq. (1), and then multiply
the third equation of Eq. (1) with imaginary unit “i”, then sum
this equation with the second one. Neglecting the wind and
dynamic unbalance, the deflection equation can be written as
d
d
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Ψ Δ Δ Ψ
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y z
i= − + +γ θ γsin (8)
where Ψ = +ψ ψ1 2i, Δ= +δ δ1 2i.
3.2. Swing
The swing equation expresses the angular motion of the
velocity vector. Where Φ= +ϕ ϕ1 2i; ϕ1 is the pitch angle of
the velocity vector caused by the other forces and moment.
Similarly, substitute Eqs. (5) and (6) into Eq. (3), and then the
swing equation can be obtained by summing the second and the
third equation together.
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3.3. Equation of total yaw angle
The total yaw angle which consists of the angle of attack, δ1,
(pitch) and the angle of sideslip, δ2, (yaw) is the difference value
between deflection and swinging angles. The angle of attack
equation in which only the cyclical force is considered can be
written as
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3.4. Analysis
As is shown, Eq. (10) is a linear, second-order differential
equation, whose solution is similar to the solution of the total
yaw angle equation for a traditional projectile. The solution can
be written as Eq. (11)
Δ= + +K Ki iF se eF Sφ φ β (11)
Fig. 4. Schematic plot of dual-spin projectile.
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Similar to the traditional form as shown in Ref. [8], the angular
motion consists of twomodes – the fast part and the slow part, that
rotate at different frequencies and velocities. The turning rates of
the two modes can be calculated with Eq. (12)
′ = − −( ) ′ = + −( )φ φS FP P M P P M2 24 2 4 2, (12)
The expression on the right side of Eq. (10) can be consid-
ered as a driving force in a forced vibration system, which
frequency is the spin rate of the forward body. On the basis of
vibration theory, a resonance, whose frequency equals that of
the driving force, occurs when the frequency of the driving
force equals the inherent vibration frequency of the projectile.
The fluctuation amplitude of the system increases sharply
because of the resonance. The dual-spin projectile can be con-
sidered as a system with a periodic driving force, and the
inherent frequency is constitutive of the fast and slow part.
4. Numerical simulation
To verify the resonance phenomena at different frequencies,
a typical 155 mm projectile was simulated with the 7-DOF
model that was proposed in section 2.2, and the rotation rate of
the forward part was set from 0.5 to 35 Hz. The parameters of
the typical 155 mm projectile used in this analysis were listed in
Table 1 [9]. In the simulation, the total yawing force acting on
the canards was 20 N.
Figs. 5 and 6 show the total yaw angle of the projectile acted
with the cyclical yawing force at different frequency during the
entire flight period. Figs. 7 and 8 show the range and drift of
the dual-spin projectile with canards spinning at different rate.
The black lines in Figs. 7 and 8 show the range and drift of a
typical projectile without the cyclical yawing force.
In the simulations, the canards span freely until 5 s after
launch. Fig. 9 shows the inherent vibration frequencies (include
the fast and slow part) of 155 mm projectile during the entire
flight domain.
It can be seen from Fig. 5 when the rotation speed of the
forward part is 0.5 revolutions per second (r/s), the amplitude of
the angle of attack increases sharply in two periods: near 32 and
68s; when the rotation speed is 1.5 r/s, the resonance occurs at
around 10 s; when the rotation speed is higher than 1.5 r/s, there is
not a visible rise in themagnitude of the angle of attack.Compared
to the red line in Fig. 9, the inherent slow part frequency of the
projectile increases at about 40 s after a decrease. During the total
flight, there are two points corresponding to 0.5 Hz, and only one
to 1.5 Hz. When the rotation speed exactly equals to the value of
the inherent frequency at thismoment, a resonance occurs, and the
number of points of intersection indicates the number of
resonance.
Similarly, Fig. 6 shows the angle of attack with the 13–25 Hz
frequencies of cyclical force. Both the simulation result shown in
Fig. 6 and the the theoratical result shown in Fig. 9 reveal that the
inherent frequency (fastmode) keeps decreasing during the flight,
Table 1
Physical properties of a 155 mm projectile.
Parameter Value Parameter Value
m kg 43 I x kgm
2 0.147
S m2 0.0188 lCG m 0.55
l m 0.874 p rad s−( )1 1668
Fig. 5. Angle of attack at different spin rate (low frequency).
Fig. 6. Angle of attack at different spin rate (high frequency).
Fig. 7. Range at different forward spin rate.
Fig. 8. Drift at different forward spin rates.
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and the magnitude of the angle of attack increases when the
frequency of the cyclical force equals with that of the driving
force.
Based on the above analysis, the resonance region of the
155 mmprojectile is 0–3 Hz and13–25 Hz. Figs. 7 and8 illustrate
that the range decreases sharply and the drift changes slightly in
the resonance region. Thus, to avoid an uncontrollable change of
trajectory, the rotational speed of the forward part should be kept
away from the resonance region. To evade the resonance region,
the rolling speed of the forward part of the projectile should be
chosen as 5–10 r/s to the 155 mm projetitle simulated above.
When the parameters of the projectile is changed, the resonance
region will chang accordingly, but it can be calculated by the
method described above. Specifically, as to most dual-spin
projectiles, the control moment is unidirectional, so that it is
impossible for the projectile to decrease the rolling speed of the
forward section. Thus, if the uncontrolled rotation speed of the
forward section is between 0 and 3 Hz, it is more proper to control
it to 5–10 Hz.When the uncontrolled rotation speed is between 13
and 25 Hz, the propor rotational speed should exceed 25 Hz.
In this section, the impact of the periodic force on the cir-
cular error probability (CEP) of the 155 mm projectile was
verified using Monte Carlo simulations with the 7-DOF model
established in section 2. Perturbations applied on the launch and
flight conditions were included in muzzle velocity, gun
azimuth, gun elevation and wind velocity, and they were varied
randomly with normal distributions. The average and standard
deviation of the launch and flight condition perturbations used
in the analysis are summarized in Table 2. Each Monte Carlo
simulation included 200 trajectories.
The simulation result shows that the impact on CEP is not
significant, when all perturbations are considered. According to
Table 3, in which the CEPs are listed, the periodic force against
the forward section can decrease the circular error probability
caused by gun elevation and azimuth anomalies; and it
decreases the deviation on X axis caused by wind while simul-
taneously increasing it on Z axis.
5. Conclusion
This paper focuses on the impact of rotation speed of the
forward part of a dual-spin projectile on the trajectory and
circular error probability of a 155 mm projectile. A 7-DOF
model of a dual-spin projectile was established, and a theoreti-
cal solution of the total yaw angle function with a cyclical
yawing force was obtained. The solution was used to investigate
the influence of the period of yawing force on angular motion
and the subsequent implications for accuracy.
To verify the theoretical solution, a typical 155 mm projec-
tile with dual-spin canards was simulated at different revolving
speeds. The theory and simulation both proved that a resonance
tends to occur, when the frequency of the cyclical force equals
to the inherent frequency of the projectile (fast mode or slow
mode). In the resonance region, the flight range decreases
sharply, so to avoid an uncontrollable change in the trajectory of
projectile, the rotation speed of the forward section should
remain far away from the resonance region.
Monte Carlo simulations show that the cyclical force can
decrease the circular error probability caused by gun elevation
and azimuth to some extent when the rotational speed is out of
the resonance region.
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Fig. 9. Theoretical inherent frequencies.
Table 2
Launch and flight conditions and the standard deviation of perturbations.
Condition Average Standard
deviation
Muzzle velocity/(m · s−1) 900 16
Gun elevation/(°) 30 3
Gun azimuth/(°) 0 3
Longitudinal and lateral wind velocity/(m · s−1) 0 5
Table 3
CEPs in different perturbation (with and without periodic force).
Periodic force Perturbation source Ex/m Ez/m
Without Gun elevation and gun azimuth 632 808
With (10 Hz) 628.9 797.4
Without Wind 913.2 596.2
With (10 Hz) 884.3 622.6
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